While the tetragonal antiferro-electrically distorted (AFD) phase with space group I4/mcm is well known for SrTiO3 to occur below 105 K, there are also some hints in the literature of an orthorhombic phase, either at the lower temperature or at high pressure. A previously proposed orthorhombic layered structure of SrTiO3, known as the post-perovskite or CaIrO3 structure with space group Cmcm is shown to have significantly higher energy than the cubic or tetragonal phase and to have its minimum volume at larger volume than cubic perovskite. The Cmcm structure is thus ruled out. We also study an alternative P nma phase obtained by two octahedral rotations about different axes. This phase is found to have slightly lower energy than the I4/mcm phase in spite of the fact that its parent, in-phase tilted P 4/mbm phase is not found to occur. Our calculated enthalpies of formation show that the I4/mcm phase occurs at slightly higher volume than the cubic phase and has a negative transition pressure relative to the cubic phase, which suggests that it does not correspond to the high-pressure tetragonal phase. The enthalpy of the P nma phase is almost indistinguishable from the I4/mcm phase. Alternative ferro-electric tetragonal and orthorhombic structures previously suggested in literature are discussed.
I. INTRODUCTION
The phase transitions in the perovskite material SrTiO 3 (STO) have been studied extensively since the 1960s.
1- 5 The perovskite structure is quite versatile and allows for several soft-phonon mode related phase transitions. While BaTiO 3 , a classical ferroelectric (FE) undergoes a series of phase transitions in which the Ti atom is displaced inside its surrounding oxygen octahedron, SrTiO 3 exhibits an anti-ferroelectric distortion (AFD) at 105 K consisting of a rotation of the TiO 6 octahedra about one of the cubic axes. This leads to a tetragonal phase I4/mcm. 6, 7 These two types of distortions are based on a soft-phonon instability at the zone center (Γ) and at the R-point of the cubic Brillouin zone respectively. In the first-principles based Monte-Carlo simulations model allowing for both AFD and FE distortions and their coupling to strain, Zhong and Vanderbilt 8 predicted (at atmospheric pressure) a second transition at about 70 K to another tetragonal phase I4cm exhibiting both types of distortions and eventually at the lower temperature a transition to a monoclinic structure. Under pressure, an even more complex phase diagram was predicted by these simulations, including an orthorhombic phase and a rhombohedral phase. Experimentally, the lower temperature transitions have not been observed. The absence of these transitions is now well established to be due to the suppression of the transitions by quantum fluctuations. [9] [10] [11] [12] The enormous increase in STO dielectric response below about 40 K has been associated with a quantum para-electric phase and possibly the existence of some new coherent quantum phase. 10 Early work by Lytle 5 hinted at an orthorhombic phase at the lower temperature but was neither confirmed nor the structure fully determined. On the other hand, as function of pressure, two transitions were observed, one at 5 GPa and a second at 14-15 GPa. [13] [14] [15] [16] The first transition corresponds again to the transition from cubic to a tetragonal phase. However, it is not entirely clear whether this is the AFD I4/mcm or a FE phase. According to Zhong and Vanderbilt's calculations, 8 one would rather expect a FE phase with spacegroup P 4mm. If one extrapolates their transition line between cubic and tetragonal FE, to higher pressures and temperatures, a transition to this phase is expected around 10 GPa at 300K followed by a transition to an orthorhombic phase at slightly higher pressure as shown in Fig. 1 . This is somewhat higher than the transition pressure observed of the cubic tetragonal transition but clearly this extrapolation is only very approximate. Their calculated pressure P = 5.4 GPa corresponds to actual P=0 GPa because of the LDA underestimate of the lattice constants but this shift is already included in Fig. 1 .
The structure of the phase above 14 GPa has not yet been unambiguously determined either. Raman studies by Grzechnik et al. 16 suggested an orthorhombic phase. Cabaret et al. based on simulations of the X-ray absorption oxygen K-edge and fitted to measurements of the latter under pressure, suggested the orthorhombic CaIrO 3 structure. This phase was further studied by Hachemi et al. 17 , reporting first-principles calculations of the elastic constants in each phase. However, they did not study the transition pressure or the total energy of this phase.
Zhong and Vanderbilt
8 also mention an orthorhombic FE phase occurring in a narrow band between the tetragonal FE phase and the eventually rhombohedral FE phase occurring at high pressure and low temperature. This phase, however, is different from the CaIrO 3 phase.
The structure suggested by Cabaret et al. 15 is the CaIrO 3 structure, with spacegroup Cmcm (D 17 2h ) reported by Rodi and Babel. 18 This structure is also known as the post-perovskite structure and occurs for example in MgSiO 3 under high-pressure in the earth's mantle.
19
Its structure is shown in Fig. 2 . One can see that it is quite different from the perovskite structure, requiring significant re-bonding rather than simple softphonon mode distortions. It consists of 2D layers of edge-sharing octahedra intercalated with Sr ions. This is interesting from the point of view that from such layered structures, it may be possible to extract atomically thin 2D nanosheets by exfoliation, for example by inserting larger organic ions replacing the Sr atoms and thereby de-bonding the layers.
Motivated by the above interest in the possibility of a layered 2D post-perovskite orthorhombic structure of SrTiO 3 , we here present a study of its stability relative to the known structures. Its electronic structure at the quasiparticle self-consistent GW level was already reported in a separate study. 20 As part of the present study, we also calculate the energy-volume relation in tetragonal and cubic perovskite structures.
Another possible route to an orthorhombic structure is considered. The AFD I4/mcm structure can be described as an out-of-phase rotation of successive TiO 6 octahedra in the c-direction, where c is the 4-fold rotation axis. In other words, along these axes, the rotation is alternating clockwise and counter-clockwise. It belongs to the Glazer rotation system, a 0 a 0 c − . We may alternatively consider the in-phase rotation a 0 a 0 c + , which corresponds to the space group P 4/mbm or a soft-phonon at the M -point. While it was previously found not to have an energy minimum at finite angle, 21 it may still be viewed as a starting point for further octahedral ro- tations. From this tetragonal phase, we arrive at an orthorhombic phase P nma by rotating about a second axis, with Glazer system a + b − b − . This would be accompanied by motions of the Sr atoms as well. This phase occurs for example for NaOsO 3 , where it is called the G-type as well as in halide perovskites, like CsSnI 3 , where it is called the γ-phase. 22 Recently, there has been renewed interest in SrTiO 3 phase transitions because they also manifest themselves in transport properties at the two-dimensional electron gas formed between STO and LaAlO 3 films grown on top of STO substrates. The study by Schoofs et al. 23 shows anomalies in transport at two temperatures and could also be taken as an indication of two phase transitions. However, this may also be related to thin film effects on the transition temperatures.
II. METHOD
We used the density functional theory 24 as implemented in the Vienna Ab initio Simulation Package (VASP) [25] [26] [27] within the PBE exchange and correlation functional.
28 Additionally, the non-local correlation van der Waals vdW-DF functional is used which predicts the structural parameters of weakly interacting 2D layered materials more accurately compared to the local density (LDA) or generalized gradient approximations (GGA). There exist various versions of vdw-DF depending upon the choice of the exchange functional used. [29] [30] [31] [32] In the present work we used the vdW-DF2 33 functional which is calculated within the semi-local exchange functional PW86 using the vdW-DF2 correlation kernel. For the 
• for the out of-phase I4/mcm phase.
Brillouin zone sampling, we used 8 × 8 × 8 for cubic, 8 × 8 × 6 for the tetragonal and orthorhombic structure respectively. The plane wave energy cut-off of 600 eV was enough for the convergence of plane wave basis-sets for all structures. The atomic positions were relaxed with the total energy converged with the precision of 10 −6 eV and the force converged with the precision of 5 meV/Å III. RESULTS
A. Stability of STO under rotation
We first study the stability of STO under two types of AFD octahedral rotations: first the out of phase which occurs at low temperature and second the in-phase rotation which is a hypothetical structure. Fig. 3 shows the comparison of total energy per formula unit as a function of octahedral rotation angle θ. Here +θ corresponds to the rotation of adjacent octahedra in same direction along the c-axis while −θ corresponds to the opposite. Fig. 3 shows no minimum for θ = 0 for the in-phase case. Nonetheless the minimum is very flat (it extends over a large range of angles between about ±5
• ) and indicates strong anharmonicity. On the other hand for the out of phase distortion, the total energy shows a global minimum at a finite rotation of θ = 5.57
• . These results agree with the findings of Sai and Vanderbilt. In this section, we discuss the stability of various phases under hydrostatic pressure. For more precise comparison, we used the van der Waals DFT which is known to predict more accurately the structural parameters for 2D like materials. In particular, the orthorhombic Cmcm structure has a 2D-layered character. Fig. 4 shows the total energy as a function of volume for four different crystal structures. The energy of the Cmcm structure is much higher than the other structures which already makes its existence rather implausible. The difference between the minima of the other phases and the Cmcm structure is 2.26 eV per formula unit. Secondly, its minimum volume occurs at higher volume near 68Å 3 , compared to ∼ 63Å 3 for the other phases. Thus it is not likely reached by high-pressure. We discuss this in more detail using the enthalpy vs. pressure calculations. On the other hand, the lower panel of Fig. 4 shows that the energy of the P nma phase is very close to that of the tetragonal I4/mcm phase both being lower than the cubic phase. In fact, we find the P nma phase to have the lowest energy but the energy difference is within the uncertainty of the calculations. Table I shows the equilibrium volume, bulk modulus, the pressure derivative of the bulk modulus, and total energy difference relative to the cubic phase per formula unit. The total energy vs. volume is fitted by using the Murnaghan equation of state
where E 0 , B, B ′ , and V 0 are the total energy, bulk modulus, derivative of bulk modulus, and volume at equilibrium. The calculated bulk modulus of the cubic structure is very close to the experimental value 174 GPa.
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The bulk modulus of the I4/mcm and P nma are close to that of the cubic structure, but for the orthorhombic Cmcm structure it is much smaller. The minimum volume obtained for p = 0 GPa is lowest for the tetragonal I4/mcm and P nma structures. This indicates that the transition pressure between cubic and the I4/mcm phase (or P nma) would occur at larger volume and thus negative pressure, as is confirmed by our enthalpy calculations, shown below. We also computed the volumes of the cubic and tetragonal structures at the critical pressure p c = −6.4 GPa. They occur at about 65Å 3 with a change in volume of only 0.2 % between the two phases and close to the intersection of the two energy curves as can be seen in Fig. 4 Next, in Fig. 5 we show the enthalpy changes ∆H = E + p∆V for the various phases to determine the possible transition pressures given by intersections of the enthalpies. We use ∆V = V − V 0 with V 0 the equilibrium volume of the cubic phase. This just subtracts the same pV 0 term for all phases and allows to see their differences more clearly. We find that the cubic and I4/mcm phases have crossing enthalpies at p t = −6.4 GPa. The curve for the P nma and I4/mcm are indistinguishable. However, for the cubic and Cmcm phases, there is clearly no possibility of a transition at all. This further rules out the possibility of the post-perovskite as high pressure phase.
IV. DISCUSSION AND CONCLUSIONS
In this paper, we have studied two candidate orthorhombic structures, the post-perovskite structure and a P nma structure. We found the post-perovskite Cmcm structure, which has been suggested before in the literature to correspond to a high-pressure phase of SrTiO 3 above 14 GPa, to be clearly unstable. It has a higher volume and much higher total energy than the cubic phase by about 2.26 eV/formula unit and no high-pressure transition to this phase is possible. So, this phase can definitively be ruled out. On the other hand, the P nma phase corresponding to a double tilt of the octahedra about two axes and closely related to the in-phase single axis tetragonal tilted phase P 4/mbm was found to have slightly lower energy than the known tetragonal I4/mcm phase in spite of the fact that an in-phase tetragonal tilt P 4/mbm is not favored. The energy difference between the P nma and the I4/mcm phase, however, is so small it may be considered to be within the error bar of the calculations. The transition pressure from the cubic phase to the I4/mcm phase was calculated to be −6.4 GPa. The negative value indicates that a transition from cubic to I4/mcm is not a possible high-pressure transition. The tetragonal phase found under high pressure must thus be a different tetragonal phase than the one obtained at low temperature. This is consistent with a more complex temperature-phase diagram, as predicted by Zhong and Vanderbilt, 8 based on Monte Carlo simulations of an effective Hamiltonian model with degrees of freedom allowing for both ferro-electric and antiferro-electric in-stabilities and parameters adjusted to density functional calculations. The latter suggests a different ferro-electric tetragonal phase P 4mm is expected at room temperature and at pressures above 10 GPa pressure. None of the models thus far fully satisfactorily explains the sequence of the two observed pressure-induced phase transitions at room temperature. Unfortunately, a fully first-principles molecular dynamic simulation at finite temperature and pressure is beyond the scope of this work. Additional experimental work at determining the precise phases occurring at high pressure appears to be needed to resolve the question.
